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FOREWORD 

This i s  a report  3f e f for t s  conducted during the f i r s t  quarter under 

Contract ~ ~ ~ - 3 8 1  f o r  the development of an electromagnetic flowmeter €or use 

with l i qu id  hydrogen. 

t o  p r io r  e f fo r t s  (Engineering Analysis, Contract NASr-13; Experimental Verifi-  

cation, Contract NASr-53) conducted f o r  NASA by the Engineering-Physics Company. 

The developmental work current ly  i n  progress i s  a sequence 

Although the project  s t a f f  f ee l s  a t  home with the  electromagnetic flow- 

meter, nonetheless t he  newest requirement f o r  opera%ing with cryogenics is-- 

for us a t  least--a novelty. We should therefore  l i k e  t o  acknowledge especial ly  

the  unstinted and extensive advice and practicable suggestions i n  these cryogenic 

matters provided by A. T. Bruschi of t h e  Rocketdyne Division of North American 

Aviation. 

t i o n  more generally a s  provided by I. Warshawsky and Henry Burlage of NASA. 
We should a l so  l i k e  t o  acknowledge assis tance bearing on instrumenta- 

From the EPCO s t a f f ,  t he  mechanical design work has been carr ied out by 

Leo D i  Gioia and James Griff i th;  the attendant e lectronic  devices have been 

constructed by W i l l i a m  Tierney; and the mechanical hardware has been fabr ica ted  

and assembled by J. Richard C u l l i n s .  

Respectfully submitted, 

y%t2y 
T. R. Schein 
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INDUCTION FLOWMFTEB FOR DIELECTRIC FLUIDS 

Operational Model 

F i r s t  Quarter ly  Report 

by Vincent Cushing, Dean Reily, and T. R. Schein 

- 

. .  
I. INTRODUCTION 

. .  Since December 1961 t h e  Ehgineering-Physics Company has been developing, 

under Contract NASW-381, an electromagnetic flowmeter su i tab le  f o r  operat ional  

use with l i q u i d  hydrogen. 

meter capable of passing one pound per second of l i q u i d  hydrogen, and su i t ab le  

f o r  ca l ibra t ion  tests i n  the  LR 
Center. 

The objective of t h i s  developmental e f f o r t  i s  a flow- 

flowmeter t es t  f a c i l i t y  a t  NASA's L e w i s  Research 2 

The present endeavor i s  predicated on recent, successfully completed work 

of a theo re t i ca l  and eqe r imen ta l  nature by the  Engineering-Physics Company under 

support of Contracts NASr-13 and NASr-33. 

e f f o r t  a great  deal was learned concerning the  mechanical and electronic  configu- 

r a t ions  required i n  order t o  have an electromagnetic flowmeter which i s  operable 

with d i e l e c t r i c  f lu ids .  These same physical configurations have been u t i l i z e d  

i n  the present developmental e f for t ;  and so emphasis i n  t h i s  report ,  then, i s  

placed on those modifications i n  the design which are required t o  make t h e  flow- 

meter compatible with LFI f l u i d  c i rcu i t s ,  and which are required i n  t h e  i n t e r e s t  

of miniaturization, ruggedness, and simplicity.  

Especially during the  experimental 

2 

The u t i l i t y  of an electromagnetic flowmeter can be establ ished from con- 

s idera t ion  of i t s  two unique, advantageous character is t ics :  

1. obstruct ionless  flow passage; 

2. no moving par ts .  

A s  i s  now well-known, i n  t he  EN flowmeter t h e  f l u i d  encounters only a magnetic 

f i e l d ;  and it i s  the  induced EMF which produces a measurement of t h e  flow rate. 

EMF' measurement i s  made by means of detecting electrodes near t he  boundary of t h e  

f l u i d  ( i n  the design which w e  have formulated and successfully t e s t ed  a t  EPCO, 

these electrodes do not even come in  contact w i t h  t h e  f lu id ,  but  a r e  separated 

from t h e  f l u i d  by a th in  t e f lon  l i ne r ) ,  and thus the re  i s  no probe o r  device of 

any kind which protrudes in to  the f l o w  or dis turbs  the flow i n  any way. 

there  i s  no pressure drop in  such a flowmeter. Furthermore, from the  material 

Thus 
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standpoint, it i s  t o  be noted t h a t  the s t ruc tu ra l  configuration--insofar as t h e  

flow i s  concerned--is simply a pipe: and with t h i s  s implici ty  there  i s  today 

ava i lab le  a wide var ie ty  of chemically and physically r e f r ac t ive  mater ia ls  f o r  

especial ly  d i f f i c u l t  flowmeter applications. 

(e. g., with l i q u i d  hydrogen or l iquid f luor ine)  it i s  obviously advantageous t o  

be  without moving par ts ,  bearings, etc. Finally,  from t h e  standpoint of dynamics, 

t h e  l ack  of mechanical moving pa r t s  i n  the  induction flowmeter provides unequal-ad 

s e n s i t i v i t y  t o  flow osc i l la t ions ;  osc i l la t ions  i n  f l u i d  f l o w  can therefore  be 

detected and measured with l imitat ions which a re  s e t  only by the  capab i l i t i e s  of 

t he  attendant e lectronic  amplif ier  and detector.  

I n  these d i f f i c u l t  appl icat ions 

The operabi l i ty  of the  electromagnetic flowmeter f o r  use with e l e c t r i c a l l y  

conducting l i qu ids  has been well-known f o r  many years, and indeed such flowmeters 

have been commercially avai lable  f o r  use with such l i qu ids  f o r  t h e  past  f i v e  o r  

six years. 

ab le  with e l e c t r i c a l l y  nonconducting f l u i d s  such as petroleum base products (e.g., 

Jp1, RP1, etc . ) ;  and very recent ly  an e f f o r t  t o  make the  device operable with t h e  

decidedly d i e l e c t r i c  cryogenic propellants. 

one makes use of induced conduction currents t o  provide the  ( s igna l )  power neces- 

sary t o  actuate  a su i tab le  electronic voltage detector;  and the  novelty i n  t h e  

subject  endeavor i s  that we have been able t o  make use of polar izat ion currents 

i n  d i e l e c t r i c  f l u i d s  i n  order t o  provide adequate power t o  ac tua te  such an elec- 

t ron ic  voltage detector.  

induced i n  a d i e l e c t r i c  a r e  proportional t o  the  frequency of ir?d~~ct.is??, it k;as 

been necessary t o  employ a high frequency magnetic f i e l d  i n  t h i s  electromagnetic 

flowmeter for use with d i e l ec t r i c  l iquids.  

t he  purposes of t h i s  pro jec t  compromised on an induction frequency of 10 kc per  

second. The perhaps determining reason i s  t h a t  the e lec t ronic  state of t he  a r t  i n  

making quant i ta t ive,  accurate voltage measurement--which i s  our bas ic  objective-- 

However, there  has long been an e f f o r t  t o  make such a flowmeter oper- 

With e l e c t r i c a l l y  conducting f l u i d s  

Since it i s  a bas ic  f a c t  t h a t  polar izat ion currents 

For a manifold of reasons we have for 

- 

.- 

is  l imi ted  t o  the  audio frequency range. 

ment e f fo r t ,  t h i s  frequency l i m i t  c a n b e  pushed up t o  100 kc or so; but it seems 

imprudent t o  r i s k  success unnecessarily i n  the  subject  pro jec t  by becoming involved 

i n  such an extraneous e f fo r t .  

With some concerted e lec t ronic  develop- 

Actually, induction frequency requirements, as we 
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,see t h e  s i t ua t ion  now, a re  primarily determined by flow osc i l l a t ion  response time 
0 

requirements. 

200 cycle per second resolution of flow osc i l la t ion .  When flow osc i l l a t ion  

response of, say, 1000 cps i s  desired, it w i l l  then be t h e  proper time t o  push 

induction frequency up t o  X or 100 kc per  second. 

The present 10 kc induction frequency should eas i ly  permit 100 o r  

Theoretical  considerations and the  bas ic  engineering design a r e  a s  indi-  
1 cated earlier. 

t h i s  bas ic  design in to  an operational flowmeter 

Xe describe i n  the ensuing pages our work t o  date i n  evolving 

f o r  use with l i qu id  hydrogen. 

-.- 

.- 

11. PROJECT STATUS 

In  t h i s  sect ion of the report we should l i k e  t o  provide some descr ipt ion 

of t h e  work which has been car r ied  out during t h e  f i r s t  quarter of t h i s  project-- 

i . e . ,  from December 1, 1961, through February 28, 1962. 

a r e  t h e  following: 

The items t o  he discussed 

A. Housing and Fi t t ings;  

B. Magnet Coil; 

C. Magnetic Circuit ;  

D. Pipe/Transducer; 

E. Liquid Nitrogen Test Circuit ;  

F. Amplifier; 

G. Magnet Power Generator; 

H. Phase Sensi t ive Detector. 

A. Housing and F i t t i n g s  

Thiring t h e  f irst  three riioiitiis of t h e  current pro jec t  the EPCO s t a f f  

gained qui te  valuable lmowledge from several  sources concerning what may perhaps 

be considered standard prac t ice  i n  the handling of LH2. 

ment, of course, t h e  EPCO operational flowmeter must be compatible with t h e  LE 
ca l ibra t ion  f a c i l i t y  a t  t h e  Lewis Research Center of  NASA. 

unduly de ta i led  discussion a t  t h i s  juncture we might highl ight  t h e  following basic  

design requirements which would seem t o  be r e a l i s t i c  f o r  operation a t  TBC: 

A s  a contractual  require- 

2 
Without going in to  an 

f r incen t  Cushing and Dean Reily, "Induction Flowmeter f o r  Die lec t r ic  
Fluids--Engineering Analysis," f inal  report  provided by EPCO f o r  Contract NASr-13,  
March 22, 1961. 
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1. Flow r a t e  of one pound per  second of 

approximate volumetric flow of 100 gpm)--this 

LH (equivalent t o  the  

is  t h e  maximum f l o w  r a t e  
2 

achievable a t  LRC. 

l e s s  than t h i s  flow rate ,  par t icu lar ly  s ince fu tu re  applications are 

almost assuredly l i k e l y  t o  involve flow r a t e s  considerably i n  excess of 

t he  aforementioned value. 

It would seem imprudent t o  design the  flowmeter f o r  

2. Pipe diameter of 1 .5  inches-again, t h i s  diameter i s  chosen f o r  

compatibil i ty with the  LRC cal ibrat ion f a c i l i t y .  A t  t h e  above-mect5cr-e 1 

flow r a t e  of 100 gpm, t h i s  corresponds t o  an average flow ve loc i ty  of 

approximately 15 feet  per second. 

t w o  or more) than those which a r e  encountered with LH rockets which a r e  

current ly  i n  development. This reduced flow veloci ty  i s  disadvantageous 

f o r  t he  electromagnetic flowmeter; and hence some consideration i s  s t i l l  

being given t o  t h e  design of a one-inch configuration f o r  use a t  mC i n  

order t o  raise average flow velocity t o  more r e a l i s t i c  values. 

This ve loc i ty  i s  lower (by a f a c t o r  of 

2 

3. Vacuum insulation-vacuum insu la t ion  i s  employed wherever possi- 

b l e  i n  ex is t ing  tes t  i n s t a l l a t ions  i n  order t o  conserve the  r e l a t ive ly  

cos t ly  LH2. 

engine i t s e l f  invariably a r e  without such extreme insulat ion means, and so 

i n  the  i n t e r e s t  of compactness and l i g h t  weight, consideration should be 

given a t  a l a t e r  date t o  an electromagnetic flowmeter without vacuum 

jacketing. In  connection w i t h  t he  current development e f f o r t ,  though, it 
i s  important t o  note t h a t  the L?C ca l ibra t ion  facility operates w i i i l  a 

maximum pressurizat ion of approximately two atmospheres gauge. With t h i s  

qui te  low pressure it would seem that vacuum jacketing of t he  electro-  

magnetic flowmeter i s  a prudent precaution t o  minimize t h e  p o s s i b i l i t y  3f' 

f lash ing  and consequent two-phase flow through the  flowmeter. 

accuracy a t  LRC would be quite questionable, t o  say the  l e a s t ,  if t.wo-phas2 

flow should e x i s t  i n  the  system. 

However, plumbing components which are proper t o  the  rocket 

Calibra5'm 

4. Explosion-proof construction--it seems t h a t  t he  high input imp+ 

dance requirements f o r  t he  amplifier of t he  electromagnetic flowmeter 

require  t h a t  a vacuum tube be employed, a t  l e a s t  i n  the  f i r s t  stage. 
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Accordingly, e l e c t r i c a l  potent ia ls  e x i s t  which conceivably could cause 

sparking i f  component f a i l u r e  should take place. Furthermore, s imilar ly  

high voltages appear t o  be necessary-at least  insofar as we know today-- 

i n  order t o  energize a suitably strong high frequency magnetic f i e l d .  

Unt i l  we have developed adequate experience w i t h  t h i s  electromagnetic 

flowmeter it would appear best  t o  encase a l l  except very low voltage 

components i n  an explosion-proof housing. Indeed, i n  t h e  operational 

flowmeter f o r  ca l ibra t ion  t e s t  a t  LRC, we plan t o  pressurize  such a hous- 

ing with a f e w  p s i  (gauge) of gaseous nitrogen i n  order t o  obviate t h e  

concern f o r  explosive gas mixtures becoming involved with sparking hazards. 

We have not ye t  completed the de ta i led  design of t h e  housing and f i t t i n g  

configuration i n  the  subject operational flowmeter; however, Fig. 1 i s  a sketch 

indicat ing t h e  general features.  

The e l e c t r i c a l  configuration f o r  t he  pipe/transducer i s  discussed i n  

Section I1 D of t h i s  report .  

as follows. 

s t e e l  tubing employed i n  the  LRC cal ibrat ion f a c i l i t y .  The t e f lon  l i n e r  i n  t h e  

new design i s  t o  pro jec t  out of e i ther  end of t he  transducer tube i n  order t o  be 

f l a r e d  (see Fig. 2). 

f lange of t he  LRC steel  tubing and the mating flowmeter's f lange t o  which the  

f l a r e d  te f lon  i s  bonded. The f la red  t e f lon  end ac tua l ly  serves as a gasket. 

I ts  use i n  the  present design i s  based on successfully t e s t ed  concepts conducted 

by the  Cryogenics EngtneerLng TLzborztory cf %he Xztional "pureax of Stariciards. 

With t h i s  design the  t e f lon  l i n e r  maintains i t s  in t eg r i ty  throughout t he  e n t i r e  

flowmeter; and thus our a t t en t ion  in respect t o  any possible  leaks may be concen- 

t r a t e d  i n  the  area of t h e  gasket. 

The mechanical aspects of t he  pipe/transducer a r e  

The I D  w i l l  be 1.380 inches i n  order t o  mate with the  s t a in l e s s  

The f l a r e d  ends of the  t e f lon  are then squeezed between t h e  

2 

D. H. Weitzel, R. F. Robbins, G. R. Bopp, and W. R. Bjorklund, "Elastomers 2 

f o r  S t a t i c  Seals a t  Cryogenic Temperatures," Report No. R-180 issued by the 
National Bureau of Standards Cryogenic Engineering Laboratory, Boulder, Colorado, 
PP- 6-7, 1960. 
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Fig. i - -General  design features  of electromagnetic flowmeter for use with 
l i qu id  hydrogen. 

E N G I N E E R I N G - P H Y S I C S  C O M P A N Y  



- 7 -  
X 

0 
k 

O m  
a; m 

E N G I N E E R I N G - P H Y S I C S  C O M P A N Y  



_ -  

.-' . 

B. Magnet Coil  

To date, a l l  f l u i d  flow measurements have been secured using cosine- 

wound, 114 tu rn  c o i l s  employing a Litz weave of 100 strands of A S W  No. 34 w i r e .  

The individual s t rand insulat ion i s  high temperature polythermaleze w i t h  a s ing le  

nylon overwrap. Glyptol lacquer (G.E. 1557) was used as t h e  c o i l  binding agent. 

Subsequent tests made on t h i s  c o i l  configuration suggested possible improvement 

of t h e  f igu re  of m e r i t  (i. e., t h e  Q of the co i l )  by employing a d i f f e ren t  L i t z  

w i r e .  

of 400 strands of A S W  No. 44 w i r e  insulated in the same manner as t h e  o r ig ina l  

weave. 

employs 36 turns  of th ree  strands 400 strands of No. 44 w i r e .  

t o t a l  turns  var ied f~ t h e  three  c o i l  designs so t h a t  a l l  three c o i l  sets could 

be made t o  f i t  the  same housing. The table below compares the  inductance, L, and 

Q of t h e  three  designs a t  a frequency of 10 kcps. 

3 

Hence, two addi t ional  c o i l  designs were advanced and fabr ica ted  consis t ing 

One c o i l  set consis ts  of 80 turns b i f i la r  wound, while t he  other  design 

The number of 

* 

TABLE I 
Inductance and Q of Magnet Coils 

Measured a t  10 kcps^ 

L (mh) Q 
114 tu rn  c o i l  

80 t u rn  c o i l  

16 tu rn  c o i l  

0.91 40 
0.45 51 
0.12 25 

The above data were obtained with the coils i n  t he  f l c x m t e r  housiiig surrounded 

by a sheath of carbonyl L core material  ( t o  be discussed in the  next section).  

A s  t he  b i f i l a r  80 tu rn  c o i l  was found t o  have t h e  highest  Q of t h e  configu- 

r a t ions  tes ted,  a special  L i t z  w i r e  was ordered having 800 strands of ASW No. 44 
insulated w i r e ,  which i s  p rac t i ca l ly  equivalent t o  two strands of 400/44. Although 

3Cf. Vincent Cushing, Leo D i  Gioia, and Dean Reily, "Induction Flowmeter 
f o r  Die lec t r ic  Fluids-Experimental Verification, I' F i r s t  Quarterly Report, Contmct 
NASr-53, October 12, 1961, p. 6. 

* 
Made on a General Radio Bridge, Model 1650~.  
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the  f i n a l  c o i l  design with respect t o  the number of turns  has not been specified 

as yet,  it has been found tha t  t he  c o i l  shape used in  the t e s t s  did indeed pro- 

duce a homogeneous magnetic f lux  transverse t o  pipe, whose in tens i ty  quite 

closely approached the theoret ical ly  derived value. Figure 3 indicates the  shape 

of the  magnetic f i e l d  along the axis  of the  transducer. 

made using a small 100 turn pickup c o i l  covering an area of about one square 

centimeter. 

-~ 

- .  
The measurements were 

To fur ther  decrease losses,  future co i l s  w i l l  be potted with cer ta in  

s i l i cone  compounds, such a s  Dow sylgard 182 resin,  which has much lower power 

fac tor  than the  gly-ptol currently employed. 

C. Magnet Circui t  

In  the or ig ina l  flowmeter design, the  magnetic re turn path was con- 

This material  proved t o  be very diff icul t .  s t ructed of molybdenum permalloy r ings.  

t o  machine, being extremely b r i t t l e .  Although the permeability of t h i s  allc:? i s  

very high, it becomes hydrated a f t e r  machining (and thus exposed t o  the  atmosphere) 

and it appears t h a t  i ts  r e s i s t i v i t y  thereaf te r  drops considerably. Such lowered 

r e s i s t i v i t y  shows up a s  a correspondingly lowered Q f o r  the  en t i r e  magnet configu- 

ration. To ameliorate t h i s  problem three d i f f e ren t  carbonyl alloys,  types C, E, 

and L, were purchased from Arnold Engineering Company and machined t o  s ize .  Like 

the or ig ina l  core mater ia l  t he  rings measure 1 /2  inch thick,  have an outer 

diameter of 3 inches and an inner diameter of 2.695 inches. 

c i r c u i t  as  before consis ts  of an eight r ing  stack; thus h a v i n g t h e  overal l  

desired shape of a cylinder approximat.ely folir i x h e s  l m g .  A l l  thc zar5o;zjrl 

a l loys machine qui te  well; but have re la t ive  permeabili t ies (p) ranging from 20 

t o  40, as compared wiYn a p of 120 for  permalloy. However, a simple calculatior? 

of the  reluctance of the magnetic c i rcu i t  shows tha t ,  because of the necessarily 

large non-magnetic portion of the magnetic c i r c u i t  through the  flowmeter pipe, 

there  i s  l i t t l e  need f o r  a p much i n  excess of 10 or so i n  the  permeable portion 

of the c i r c u i t  . 

The magnetic re turn 

D. PiDe/Transducer 

1. Shielding--During the f irst  quarter of the present contract ,  three 

more transducers were constructed i n  addition t o  the  +grid, 48 turns  per itch 

model with which flow signals  were f i r s t  detected during November 1961. @ne of 

0 
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40 

30 

20 

10 

0 
1 2 3 4 5 6 

Distance from one end of pipe/transducer, in.  

Fig. +-Intensity of magnetic induction transverse t o  pipe/ 
transducer. 
axial posi t ion along pipe/transducer. Ent i re  pipe/transducer i s  
eight  inches long; detection electrodes are posit ioned near central ,  
uniform region. 
c o i l  applied voltage of lw volts .  

Transverse in t ens i ty  i s  p lo t t ed  as a function of 

Measurements made with 114 turn  c o i l  a t  10 kc; 
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these was made by the J. Frank Motson Company using a pr inted c i r cu i t  technique 

for applying the grids, and with a spacing of 10 m i l s  between gr id  elements. 

Two additional transducers were designed and constructed a t  EFCO having be t t e r  

e l ec t ros t a t i c  shielding than t h e i r  predecessor. Desi@ of these transducers was 

based upon shielding f ac to r  equations as developed by Maxwell and modernly applied 

t o  gr id  controlled vacuum tubes. Since the shielding f ac to r  is: (1) propor- 

t i o n a l  t o  the  distance between grids; (2) proportional t o  the grid w i r e  diameter; 

and (3) inversely proportional t o  the spacing between elements of a grid, changes 

were made i n  the  transducer spacing between elements of a gr id  z.nd gr id  spacing 

t o  accord with t h i s  theory. 

0 

4 

In  Table 11, transducer #3 had a close wound (approximately 160 w i r e s  

per inch) ground grid,  and transducer #4 employed two such close wound ground 

gr ids  a t  the expense of decreasing the distance between grids. 

design made use of the  increased shielding afforded multiple gr ids  i n  ser ies .  

The column t i t l e d  "angle (degrees)" re fers  t o  the  angle subtended by the  detec- 

t i on  gr id  (cf. F i r s t  Quarterly Report t o  Contract NASr-33, Fig. 6). 

This l a t t e r  

To measure the  shielding factor  experimentally the  connection between 

the magnet c o i l s  w a s  broken ( i . e . ,  one terminal of each c o i l  was l e f t  open and 

f loa t ing)  and a lmown a l te rna t ing  voltage of equal magnitude but opposite 

po lar i ty  applied t o  each half co i l .  The pickup voltage on the detection grids 

was monitored by low capacitance probes feeding matched high input impedance 

Keithley decade i so la t ion  amplifiers (Model 102B). During the  t e s t  the driven 

grids i n  the pipe/transducer were driven with feedback voltage from the  driven 

shield of Yne Keit-Uey probes. 

11 a r e  defined a s  the  voltage applied t o  the magnet co i l s  divided by the 

voltage measured on the  detection grids. 

Experimental shielding fac tors  as  used i n  Table 

2. Cryogenic Tests--Part of our e f fo r t s  during t h i s  quarter have 

been directed t o  understanding and solving problems dealing with mater ia l  com- 

p a t i b i l i t y  a t  l i qu id  nitrogen and l iquid hydrogen temperatures. This concern has 
" -. 

4 K. R. Spangenberg, Vacuum Tubes, McGraw-Hill Book Co., New York City, 
1948, pp. 201-265. 
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.,;=d t o  t he  performame of a s e r i e s  of experiments which have u t i l i z e d  transducer 

materials f r o m  our pas t  work, namely tef lon,  fiberglas-epoxy, and epoxy bonding 
- .  

resin,  

copper 
- -  

bonded 

and the  same fabr ica t ing  techniques, including t h e  formation of t h e  

grids. 5 

F i r s t  an experiment was made t o  determine whether t h e  t e f lon  l i n e r  as 

t o  the  f iberg las  would crack due t o  the  difference i n  the  l i n e a r  expansion 

coef f ic ien ts  when suddenly immersed i n  l i q u i d  nitrogen. 

gr ids  w e r e  bonded t o  the  transducer pipe. 

temperature, it was allowed t o  warm again t o  room temperature and w a s  examined 

f o r  par t ing  a t  the  bond interfaces  and f o r  cracks i n  t h e  t e f lon  and f iberg las .  

The tube was then cut  i n  half along a longi tudinal  cen ter l ine  t o  permit a c loser  

examination of t he  tef lon.  

degradation. 

EO evidence of cracking o r  bond separation. However, it was noted that the  t e f lon  

l i n e r  developed a permanent shr ink s l igh t ly  along i t s  axial dimension (implying 

a slippage i n  t h e  bond, a t  least near the ends of t h e  pipe). 

In  t h i s  experiment no 

After t h e  tube had been cooled t o  LA 
L 

There was no v i s i b l e  evidence of cracking o r  bond 

A r epe t i t i on  of t h i s  experiment with t h e  tube halves s t i l l  revealed 

A second t e s t  was made, t h i s  time with a complete transducer consis t ing 

of the  e n t i r e  +grid configuration, the inner two having 20 wires per  inch and 

t h e  outer  or ground g r i d  being close wound (i. e., approximately 160 w i r e s  per 

inch). Capacitance checks made on t h i s  transducer before and af ter  immersion i n  

LT\T indicated no e l e c t r i c a l  change i n  t he  g r id  s t ructure .  A further measurement 2 
made when the  transducer was s t i l l  quite cold produced no measurable deviation 

ln capacitance v-&ucs. 

E. Planned LN, Fluid  Ci rcu i t  
L 

In  order t h a t  we may test cryogenically our forthcoming Model 2 flow- 

meter, 5re have undertaken t o  set  up a l i q u i d  nitrogen test  c i r c u i t .  

ments are b r i e f l y  as follows: 

Our require- 

1. Single phase l i q u i d  nitrogen f l o w  through our flowmeter t es t  

set-up, which is  e s sen t i a l ly  a 1-1/2 inch ID pipe 5 feet  i n  length. 

'Cf. F i r s t  Quarterly Report t o  Contract NASr-53, October 12, 1961. 
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2. Plumbing necessary t o  connect our indoor t e s t  set-up with the  

outside l iqu id  nitrogen storage vessel. 

30 f e e t  of copper pipe 1-1/2 inch ID. 

This w i l l  require approximately 

3. Means of controll ing t h e  flow rate up t o  approximately 100 gpm 

while introducing a minimum of heat t o  the  f l u i d  system. 

4. Mean6 f o r  determining the  flow r a t e  of t he  l i qu id  nitrogen 

through the  electromagnetic flowmeter. 

Figure 4 shows a c i r c u i t  diagram of the  l i qu id  nitrogen system. It con- 

sists of a XO gallon dewar, a l iquid nitrogen pump with motor and variable speed 

drive, a turbine type reference flowmeter, a pressure build-up system, approxi- 

mately 30 f e e t  of 1-1/2 inch copper pipes and valves as shown. 

that t h i s  system w i l l  be capable of producing a l i q u i d  nitrogen flow r a t e  which 

can be varied up t o  100 gpm. 

approximately 3 inches of a low density glass f i b e r  material. 

It i s  intended 

All piping and valves w i l l  be insulated with 

On the average we estimate that the  system i s  l i k e l y  t o  be i n  cooled-down 

condition approximately 1-1/2 hours per day, and the pump i s  l i k e l y  t o  be i n  

operation approximately onethalf hour per day. 

w i l l  be used t o  adjust  the flow t o  the desired rate. 

f i n e  coptrol of flow r a t e  and of pressure i n  the  t e s t  section, although i n  general 

it i s  expected that t h i s  valve w i l l  be fu l l  open. 

The variable speed drive pump 

Valve V4 w i l l  be used f o r  

F. AmDlifier 

During the period of the  f i r s t  quarter a s  reported herein, w e  have 

continlxd ix~vestigations x l t h  the electromggietic flowmeter w i t n  bas ica l ly  the  

same electronic  c i r cu i t ry  as was used during the  successful. experimental phase 

conducted under a p r io r  contract (NASr-53). The amplifier c i r cu i t ,  as  indicated 

i n  Fig. 5 , consists f irst  of a l l  of a two-stage capacitance-coupled amplifier-- 

employing vacuum tubes VI and V2--wherein the  en t i r e ty  of the forward gain i s  

f ed  back degeneratively in to  the cathode of the  f irst  stage. 

magnetic flowmeter provides a push-pull signal,  accordingly we have employed a 

push-pull input t o  the amplifier--i.e., w e  have symmetrically a two-stage, feed- 

back s tab i l ized  amplifier incorporating vacuum tubes V 

Since our electro-  

and V4. 3 
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The push-pull output of t he  f i r s t  two stages i s  obtained from the  cathodes 

Evidently, because of t he  very l a rge  amount feedback of tubes V1 and V 

employed i n  the  f i r s t  two stages, the gain of t h e  f i rs t  two stages is  unity-- 

ac tua l ly  being something l i k e  0.998. 
back i n  the  f i r s t  two stages provides t h e  desired very high input impedance; and 

importantly provides an e f fec t ive  input capacitance which is  t h e  order of 5 pico- 

farads.  

3' . _  

T h i s  very l a rge  amount of negative feed- 
. A  

It i s  commop prac t ice  when employing a driven sh ie ld  such as we u t i l i - -  

i n  t he  electromagnetic flowmeter design and at tendant  (very short)  transmission 

l i n e  t o  the  input of t he  amplifier,  t o  connect t h e  driven sh ie ld  t o  t h e  output 

( L e . ,  connected t o  t h e  cathode i n  our two s tage amplifier)  of a highly stabilizpd,, 

unit-gain amplifier;  again, t he  purpose of t h i s  driven sh ie ld  i s  t o  cause a very 

considerable reduction i n  the  effect ive value of capacitance between tine t rans-  

mission l i n e  and i t s  surrounding shield, Further than this--as indicated i n  an 

earlier report5--if we wish t o  reduce the  e f f ec t ive  input capacitance of our 

amplif ier  t o  the  idea l  value of zero, t h i s  can b e  done by driving the  shield from 

an amplif ier  whose gain i s  very s l igh t ly  greater  than unity.  

t h a t  t h e  s l i g h t l y  overdriven sh ie ld  effect ively gives r i s e  t o  a negative capaci- 

tance, and t h i s  negative capacitance is  adjusted so that it cancels t h e  s m a l l  

natural ,  pos i t ive  capacitance normally encountered. A s  shown i n  Fig. 5 ,  t he  

driven shields  are therefore  e l ec t r i ca l ly  connected t o  the  high s ide of the  

rheos ta t  R indicated i n  the  figure. The proper amount of overdrive on the  sh i e ld  

may be adjusted by corresponding adjustment of t h e  rheostat .  

with t h e  rheostat  shorted out s o  t ha t  t h e  driven sh ie ld  i s  connected t o  t h e  

cathode of t h e  f i rs t  stage, we have, as we have already described, i n  the  presezt  

amplif ier  an input capacitance of the order of 5 picofarads. However, by adjus+- 

ment of t he  rheostat  as j u s t  described, it is  possible t o  reduce the  e f f ec t ive  

input capacitance--as measured on a General Radio 16m~ bridge--of our amplif ia- 

t o  approximately 1-2 picofarads, depending on t h e  frequency employed. W e  sur- 
m i s e  that t h e  e f f ec t ive  input capacitance can be reduced even fu r the r  by a f ac to r  

of 10 or 20, o r  more, i f  careful  a t ten t ion  i s  given t o  t h e  slight phase s h i f t  

which may take place i n  our preamplifier--with t h e  ne t  e f f e c t  t h a t  t h e  driven 

The ne t  e f f e c t  i s  

6 
By t h i s  technique, 

-.- 
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' i i e ld  i s  not driven precisely i n  phase with t h e  s ignal  voltage. However, i n  a 

f ixed  frequency amplif ier  t o  be developed and employed i n  t h e  subject operational 

model, it would appear that effect ive input capacitance for t he  attendant ampli- 

f i e r  can be reduced t o  a qui te  l o w  value indeed. 
* 

1 A s  discussed i n  t h e  f i n a l  report  t o  Contract NASr-13 there  i s  p rac t i ca l ly  

always a concomitant hum voltage due t o  t h e  so-called transformer effect .  This 

hum voltage i s  i n  quadrature w i t h  the flow induced s igna l  voltage, and therefore  

may be  re jec ted  by the use of a phase-sensitive detector as discussed i n  S e e t i c -  

I1 H of t h i s  report. However, if the hum voltage should be excessive, it i s  

possible  t h a t  the  amplif ier  w i l l  be saturated before the  phase-sensitive detector  

may be u t i l i zed ;  and therefore  it i s  desirable  t o  provide an approximate, manual 

hui-i-bucking voltage a t  t he  very input t o  the  amplifier.  

t he  proper magnitude of t h i s  hum-bucking voltage i s  in jec ted  in to  t h e  g r id  of t h e  

f i r s t  s tage by means of t h e  potentiometer R 

t h i s  point i s  or ig ina l ly  derived f rom a s ingle  loop (immediately next t o  the  

pipe/transducer) which provides a voltage as induced by the  a l t e rna t ing  magnetic 

induction. Generally, there  i s  a small amount of phase difference between t h e  

hum voltage picked up by t h i s  sensing loop and t h e  h m  voltage detected i n  the  

flowmeter c i r cu i t .  Accordingly, a phase s h i f t  network consis t ing of the  f ixed  

r e s i s t o r s  R 

employed; the  output of t h i s  phase sh i f t ing  network i s  then f e d  in to  t h e  potent i -  

ometer f o r  in jec t ion  in to  the  gr id  of t he  f i r s t  s tage a s  described above. 

By reference t o  Fig. F; 

The voltage which i s  in jec ted  a t  20' 

and R24, the  rheostats  R21 and R22, and the  f ixed  capacitor C 23 15  
i s  

A s  seen in  Fig. 5 t he  push-pill mtpt c?f  %e feedback-stabiliLed f i r s t  

two stages i s  f ed  in to  the  common mode r e j e c t o r  c i r c u i t  b u i l t  around t h e  twin 

t r iode,  V This common mode rejector  a t  the  same time provides a single-sided 

output which i s  proportional t o  the  d i f f e r e n t i a l  input voltage t o  t h i s  common 

mode r e j ec to r  stage. The output of the common mode r e j ec to r  i s  then f e d  in to  ii 

5' 

* 
Also: it should be mentioned t h a t  one picofarad i s  the  l i m i t  of resolu- 

t i o n  for t he  General Radio 16%~ bridge which we  have been using; and so  our 
measured l imi t a t ion  of 1-2 picofarads may be p a r t i a l l y  due t o  measurement limita- 
t ions .  For fu r the r  development work the  Engineering-Physics Company i s  procuring 
a capacitance bridge with a resolution i n  the  order of mill ipicofarads.  
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conventional t r i ode  amplif ier  0 
output of the  t r i ode  s tage is  

b u i l t  around one half  of the twin t r iode  V6. 
i n  turn f e d  in to  t'ne cathode follower c i r c u i t  as 

The 

. _  shown; t h e  cathode follower has the vir tue,  of course, of a qui te  low output 

impedance f o r  transmission of t h e  amplified flow s igna l  over a considerable 

length of transmission l i n e  if desired. . .  

The amplifier current ly  i n  use was purposely designed f o r  t es t  purposes 

with a capabi l i ty  f o r  operation over a wide band of frequencies. 

de l ibera te ly  done so that the  operating frequency of t h e  flowmeter could be var ied 

between 10 and 100 kc per second, so that one could determine t h e  bes t  operating 

frequency f o r  t he  f i n a l  operational model. 

known, accepts and amplifies a considerable amount of noise, including t h e  e l e c t r i -  

c a l  s t a t i c  noise which i s  generally generated i n  any flowing d i e l ec t r i c .  

The amplif ier  which w e  are now developing i s  t o  be a tuned, f ixed- 

T h i s  was 

Such a wideband amplifier,  a s  i s  well- 

frequency, gain s tab i l ized ,  low noise device. For ruggedness, r e l i a b i l i t y ,  and 

compactness, t r a n s i s t o r s  are employed almost throughout; however, because w e  

require  a qui te  high input impedance t o  our amplifier,  and pa r t i cu la r ly  a qui te  

low input capacitance, it i s  necessary, a t  today's state of t h e  art, t o  employ 

vacuum tubes i n  t h e  f i r s t  stage. 

- -  

E N G I N E E R  I N  G - P H Y  S I C  S C O M P A N Y  



- 20 - 

G. Power Generator 

A power o s c i l l a t o r  i s  required t o  dr ive t h e  magnet co i l s  i n  the  f low-  

meter; and f o r  our purposes thus far we have used a var iable  frequency u l t rasonic  

generator having t h e  f l e x i b i l i t y  necessary i n  a piece of tes t  equipment. However, 

it i s  a considerably b u l b  piece of equipment and has a power output f a r  i n  excess 

of our present needs. 

quency requirements we are prompted t o  develop a considerably smaller operational 

so l id  state o s c i l l a t o r  t o  dr ive t h e  magnet co i l s .  

Now that we are more knowledgeable of our  power and fre- 

Our present o s c i l l a t o r  requirements are: 

1. Power output 15 t o  23 watts. 

2. Frequency 10 kc per  second. 

3. Amplitude s t a b i l i t y  bet ter  than one per  cent. 

During t h e  period reported herein, an o s c i l l a t o r  w a s  developed using 

This o s c i l l a t o r  i s  shown a s ingle  power t r a n s i s t o r  i n  rather simple c i rcu i t ry .  

i n  Fig. 6 . A 2N1907 germanium power t r a n s i s t o r  was used because of i t s  high 

power and high frequency character is t ics .  The t r a n s i s t o r  was operated c l a s s  B 

and a simple voltage dividing biasing network w a s  used. 

required magnitude of a l te rna t ing  flux i n  t h e  magnet coi ls ,  it w a s  necessary t o  

develop a c i rcu la t ing  current of 4 amperes i n  t h e  tuned c i r c u i t  containing these 

co i l s .  Such a c i rcu la t ing  current prescribes a voltage across the  c o i l s  of 

approximately 200 v o l t s  rms; therefore, it was necessary t o  develop an impedance 

matching network t o  couple t h e  osc i l l a to r  t o  t h e  load. 

* 

I n  order t o  develop the  

The h p e k n c e  ~ ~ t c h  vas &tained by t ransfomer  coiipliiig t o  tire magnet 

c o i l s  by hand winding 15 tu rns  of N0.10/34 Li tz  w i r e  around t h e  core material on 

each s ide  of t h e  dr iver  co i l s  as shown i n  Fig. 8 . 
force was thus introduced i n  the  core materials a t  t he  s ides  of t h e  dr iver  co i l s ,  

t he  cosine winding d is t r ibu t ion  of the c o i l s  and t h e  overa l l  magnetic configura- 

t i o n  forces  t h e  proper f lux d is t r ibu t ion  ins ide  t h e  pipe/transducer. 

tu rns  w e r e  placed on the  core material  t o  provide t h e  feedback loop between t h e  

base and emitter c i r cu i t .  

Although the  magnetomotive 

Several more 
c 

- 

* 
Texas  Instruments. 
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3 s  

- .  

Fig. 6--Transistorized 10 kc power generator for driving 
magnet coi ls .  

T2 I 

Fig. 7--Push-pull transistor o s c i l l a t o r  with diode compensation. 
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Magnetic core T, material 

, 

- I  L Cosine magnet 
coil winding 

I__. -. - . . 

Power oscillator - .. . 

Fig. 8--Generator/magnet-coil coupling method. 
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Using the  c i r c u i t  shown i n  Fig. 6 and the  impedance matching technique 

shown i n  Fig. 8 , t he  o s c i l l a t o r  produced a c i rcu la t ing  current of approximately 

2 amperes i n  the tank c i r cu i t ,  which i s  e s sen t i a l ly  the  driver c o i l s  i n  s e r i e s  

with i t s  tuning capacitance. 

changing the  winding r a t i o  of t h e  transformer t o  obtain better efficiency. 

0 

This c i r cu i t  could be improved considerably by 

A push-pull o s c i l l a t o r  operating i n  c l a s s  B o r  i n  c l a s s  A-B has a number 

of advantages over the s ingle  t r ans i s to r  o sc i l l a to r ,  and i s  more commonly used i n  

pract ice .  

fluxes, produced by the  quiescent current, which may tend t o  sa tura te  the  core 

material. Push-pull t r a n s i s t o r  o sc i l l a to r  design i s  shown i n  Fig. 7 .  Among t h e  

improvements i n  t h i s  o s c i l l a t o r  over t h e  aforementioned one i s  t h e  elimination 

of t h e  voltage divider  biasing network which reduces the  operating range of the 

t r a n s i s t o r s  and a l so  reduces the  overall eff ic iency of t h e  stage. The var iable  

r e s i s t o r  R 

of control l ing t h e  current  i n  the  tank c i r c u i t  by decreasing the  feedback current.  

The capacitor C 

capacitor C is  f o r  the purpose of suppressing surges from t h e  primary winding 

which could cause damage t o  t h e  t rans is tors ,  pa r t i cu la r ly  a t  the  time when switch 

1 i s  operated. 

Among the  advantages are increased ef f ic iency  and cancellation of t he  

i s  qui te  s m a l l  and i s  there f o r  the  sole  purpose of providing a means 1 

i s  l a rge  and provides an AC path around the  power supply. The 1 

2 

Since any modulation i n  the amplitude of our o s c i l l a t o r  power supply has 

the  same e f fec t  on our detected signal as a flow osc i l la t ion ,  t h e  amplitude sta- 

b i l i t y  of t he  o s c i l l a t o r  i s  important. For t h i s  reason, af ter  the o s c i l l a t o r  

has undergone su f f i c i en t  t e s t s  then, i f  necessary, it w i l l  be f i t t e d  with an 
-up&I"UuL Qm-1 i + y - i 4 7 6  u -+-hi1 " U " I L ~ + U L . I " * A  i v n + i n n  na+r.rnrk I&CL.l".L whiph ..&.A".& m s v  "UJ be ir, f c ~ -  ef 0,posiEg series zp,n_er 

diodes across t h e  primary transformer winding or a more elegant biased diode 

feedback network. 

H. Phase Sensi t ive Detector 

The output signal from our flowmeter i s  a composite of various noise 

and hum voltages as w e l l  as a signal voltage. A l a rge  port ion of t h i s  noise  can 

be re jec ted  by good f i l t e r i n g  techniques, i. e., by use of a bandpass f i l t e r  with 

center  a t  t h e  power generator frequency. Another s izeable  port ion of t h i s  noise 

can be eliminated by manual compensation, i .e.,  by introducing a voltage equal 

E N G I N E E R I N G - P H Y S I C S  C O M P A N Y  



t o  the  noise and 180 degrees out of phase with it. 
t ion  cannot be perfect  ( i n  view of warm-up drift,  e tc . )  and there  i s  always some 

remnant of the  noise l e f t .  Virtually a l l  t h i s  residual noise i s  i n  quadrature 

with t h e  s ignal  voltage and it is t h i s  portion which can be rejected by phase 

sens i t ive  detection. 

However, such manual compensa- 

. -  

. -  One very simple and a t t r ac t ive  way of accomplishing phase sensi t ive 

detection i s  t o  use a so l id  state chopper. Choppers can now be obtained which 

w i l l  operate a t  frequencies of upward t o  several  hundred kilocycles. They a r e  

very small encapsulated uni ts .  The pr inciple  upon which a so l id  s t a t e  chopper 

phase senSitive demodulator works i s  qui te  simple. For example, given a noise 

voltage 

Vn = A COS U t  , (1) 

and a flow signal voltage 

Vf = B sin cut 

where A i s  the amplitude of t h e  noise voltage; ' 

B is the amplitude of t he  flow signal  voltage; 

u) is the angular frequency; 

t is  the time.; 
w e  have the  detected s ignal  given by 

o r  

Vs = A cos cu t  + B s i n  cut  ? ( 3 )  

A =  r2 A + B  s i n e  and B =  (5% 5b) 
where 

Now, i f  by means of our chopper and a reference signal taken from the 

magnet co i l s ,  we allow conduction of the  s ignal  only during the  time t h a t  cos ut 

i s  posi t ive and with a diode allow conduction of the  resu l tan t  s igna l  only when 

s i n  (cot + 0) i s  negative, then the peak voltage i s  given by 

V P = J- A + B  s i  { e  2 + e ]  ? 
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where k = fl, 23, +5, - 
which from Eq. (3) i s  

V = -B (7) P 
. .  

A phase sens i t ive  chopper demodulator f o r  use with the  flowmeter i s  shown i n  

Fig. 9 . 
The chopper t o  be used requires a square wave driving voltage; hence, two 

zener diodes of opposite po lar i ty  i n  se r i e s  with a r e s i s t o r  ( t o  l i m i t  series- 
the  current)  a r e  placed i n  pa ra l l e l  with the magnet c o i l s  a s  shown i n  Fig. 

The clipped s ine wave voltage taken from across the zener diode pa i r  w i l l  be i n  

quadrature (assuming t h a t  the magnet c o i l  i s  a pure reactance) with the flow 

signal  and i s  j u s t  t h a t  required t o  drive the  chopper i n  the manner previously 

d is  cus sed. 

9. 

Since the instrumentation used t o  detect  the  signal. i s  expected t o  intro-  

duce some phase s h i f t ,  a capacitor may be placed i n  p a r a l l e l  or i n  se r ies  with 

the current l imi t ing  res i s tor .  

shown i n  Fig. 9 w i l l  provide the necessary phase s h i f t  requirements. A voltage 

dividing network i s  used t o  match the impedance of the  chopper. 

A fixed capacitor and a tuning capacitor, a s  

Another method of obtaining phase sens i t ive  detection i s  by the  network 

shown i n  Fig. 10. Denoting our voltages again according t o  Eqs. (1) , ( 2 ) ,  and 

( 3 )  and i f  we denote the reference voltage by Vr = C cos ut  we can eas i ly  see 

t h a t  the output of our phase sensit ive detector c i r cu i t  i s  

- _  

I f  we make C l a rge  compared t o  7 A + B then t o  a f i r s t  order approximation 

Eq. (8) becomes 

v 0 = e - J m  cos e (9) 
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Fig. 9--Phase sensitive chopper demodulator. 
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V = A C O S C O + B S ~ C O ~  
S 

Fig..lO--Diode phase sensitive detector. 

V = C s i n w t  r 

&------I 

E N G I N E E R I N G - P H Y S I C S  C O M P A N Y  



- 2% - 

But from Eq. (3) we have t h a t  

. -  

. _  

v = 2 B  
0 , 

hence we see t h a t  t he  output voltage w i l l  be  twice t h e  flow voltage. 

same phase sh i f t i ng  network as w a s  used i n  the  chopper demodulators c i r c u i t  shown 

previously w i l l  be needed t o  take care of any phase s h i f t s  which may take place 

i n  the  amplifiers. A reference signal which i s  i n  phase w i t h  t h e  flow signal i s  

required i n  this demodulator; hence, if t h e  reference voltage i s  taken f r o m  the  

Again the  

c o i l s  a 90" phase s h i f t  i s  required. 

t he  voltage across a small r e s i s t o r  placed i n  the  tank circi l i t ;  however, it 

would be necessary t o  amplify t h i s  signal t o  obtain the  l a rge  voltage required 

by the  demodulator. 

Such a s ignal  could be obtained by sensing 

This da?lodulator c i r c u i t  has been b u i l t  and i s  now undergoing evaluatioii. 

A s  can be seen, t h i s  c i r c u i t  requires t h e  use of a number of transformers and 

i n  order f o r  t he  above analysis  t o  hold, the transformers should have a minimum 

of res i s tance  and t h e  diodes must have a very small forward breakdown voltage. 

111. FUTURE WORK 

The tasks we  expect t o  conduct during the  second quarter  under t h e  subject  

contract  a r e  the  following: 

1. Complete mechanical design and conduct cryogenic tes ts-- the 

mechanical design of t h e  flowmeter can be temperature shocked a t  EPCO by 

exposure t o  LN 

Research Center. Additionally, the  vacuum jacketing can be l eak  tested.  

and f i n a l l y  shocked in  the  LH f a c i l i t y  a t  the  L e w i s  
2' 2 

2. Sei up of l i qu id  niirogen f l u i d  circuit--components have been 

ordered, and it appears that assembly can commence approximately May 13. 
3. Complete phase-sensitive detector.  

4. Complete power osc i l la tor .  

5. Develop narrow band amplifier. 

6. Develop multiple power supply--as required t o  provide power t o  

t h e  several  e l e c t r i c a l  components i n  the overa l l  electromagnetic flowmeter. 

Determine bes t  shield-grid configuration f o r  t h e  pipe/transducer-- 7. 
as viewed from today's angle of vision, it appears t h a t  t h i s  i s  the  most 
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c r i t i c a l  and important task  t o  be conducted. Attainment of an adequate 

shielding configuration would mean that one might expect very l i t t l e  i n  

the  way of troublesome, variable noise voltages get t ing in to  the  flow- 

meter measurement system. A shielding f ac to r  of 10 would be desirable. 

8. Build Model 2 flowmeter and test  i n  o i l  circuit--in our termin- 

6 

ology we expect t o  deliver, i n  accordance with the  terms of the  subject 

contract, OUT Model 3 flowmeter. 

today t o  achieve a flowmeter which will meet the requirements of the 

contract  i n  a l l  respects. However, one should be sanguine enough t o  

believe t h a t  a t e s t  program w i l l  evidence a var ie ty  of defects and d i f f i -  

cu l t i e s  (hopefully of a minor nature). 

i s  b u i l t  with t h i s  i n  mind. 

flowmeter, we may then be confident of making the necessary modifications 

i n  order t o  construct, t e s t ,  and del iver  t he  Model 3 version i n  sa t i s fac-  

t i on  of contractual requirements. 

The Model 2 flowmeter i s  our bes t  e f f o r t  

The so-called Model 2 flowmeter 

From experience gained with the Model 2 
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